Abstract In order to minimize complications on the skeleton and to prevent extraskeletal calcifications, the specific aims of the management of chronic kidney disease mineral and bone disorder (CKD-MBD) are to maintain blood levels of serum calcium and phosphorus as close to the normal range as possible, thereby maintaining serum parathyroid hormone (PTH) at levels appropriate for CKD stage, preventing hyperplasia of the parathyroid glands, avoiding the development of extra-skeletal calcifications, and preventing or reversing the accumulation of toxic substances such as aluminum and β 2 -microglobulin. In order to limit cardiovascular calcification, daily intake of elemental calcium, including from dietary sources and from phosphate binders, should not exceed twice the daily recommended intake for age and should not exceed 2.5 g/day. Calcium-free phosphate binders, such as sevelamer hydrochloride and sevelamer carbonate, are safe and effective alternatives to calcium-based binders, and their use widens the margin of safety for active vitamin D sterol therapy. Vitamin D deficiency is highly prevalent across the spectrum of CKD, and replacement therapy is recommended in vitamin D-deficient and insufficient individuals. Therapy with active vitamin D sterols is recommended after correction of the vitamin D deficiency state and should be titrated based on target PTH levels across the spectrum of CKD. Although the use of calcimimetic drugs has been proven to effectively control the biochemical features of secondary hyperparathyroidism, there is very limited experience with the use of such agents in pediatric patients and especially during the first years of life. Studies are needed to further define the role of such agents in the treatment of pediatric CKD-MBD.
Introduction
"Chronic kidney disease mineral and bone disorder" (CKD-MBD) is a systemic disorder of mineral and bone metabolism due to CKD that is manifested by either one or a combination of the following: abnormalities of calcium, phosphorus, parathyroid hormone (PTH), or vitamin D metabolism, abnormalities in bone histology, linear growth, or strength, or vascular or other soft tissue calcification. "Renal osteodystrophy" is the specific term used to describe the bone pathology that occurs as a complication of CKD and is therefore one aspect of CKD-MBD. These terms, newly defined by the Kidney Disease: Improving Global Outcomes (KDIGO) working group, link crucial aspects of end-organ damage, namely increased mortality from extraskeletal tissue and vascular calcifications and skeletal morbidity from renal osteodystrophy [1] , to disordered mineral metabolism. Indeed, a growing body of evidence demonstrates that cardiovascular calcifications accompany CKD, that cardiovascular disease is the leading cause of mortality in patients with CKD, and that therapies designed to treat the skeletal consequences of CKD affect the progression of vascular pathology.
In order to minimize complications on the skeleton and to prevent extraskeletal calcifications, the specific aims of the management of CKD-MBD are to maintain blood levels of serum calcium and phosphorus as close to the normal range as possible, thereby maintaining serum PTH at levels appropriate for stage of CKD, preventing hyperplasia of the parathyroid glands, avoiding the development of extra-skeletal calcifications, and preventing or reversing the accumulation of toxic substances such as aluminum and β 2 -microglobulin. The goal of this review is to summarize the impact of currently utilized treatments for the management of CKD-MBD, namely phosphate binders, active vitamin D analogues, and calcimimetics, on mineral metabolism, bone disease, and cardiovascular disease in pediatric CKD patients.
Phosphate-binding agents
Phosphate binders have been approved by the Federal Drug Administration (FDA) for patients treated with maintenance dialysis, and calcium-containing salts are used worldwide not only for the control of hyperphosphatemia and but also as a source of supplemental calcium. Several calcium salts are commercially available, including calcium carbonate, calcium acetate, and calcium citrate. Calcium carbonate is the most commonly used compound, and studies in adults and children have shown its efficacy in controlling serum phosphorous levels [2] . The recommended dose is proportional to the phosphorous content of the meal and adjusted to achieve acceptable serum levels of calcium and phosphorous. However, large doses of calcium carbonate may lead to hypercalcemia, particularly in patients treated with vitamin D or those with adynamic bone disease [3] . Hypercalcemia is usually reversible with reductions in the dose of oral calcium salts, dose of vitamin D sterol, and dialysate calcium concentrations. In addition, higher doses of calcium-based binders have been associated with a greater degree of vascular calcifications [4] and vascular stiffness, and recent data demonstrate that patients with CKD 2-4 are in positive calcium balance when they are given 2 g/day of calcium supplementation [5] . To avoid the development and progression of cardiovascular calcifications, it is currently recommended that daily intake of elemental calcium, including from dietary sources and from phosphate binders, should not exceed twice the daily recommended intake for age and should not exceed 2.5 g/day [6] . Alternative phosphate binders have been developed to limit the vascular calcification risks associated with the use of calcium salts and the bone and neurologic toxicity associated with aluminum hydroxide. Once such calcium-free phosphate binder is sevelamer hydrochloride (RenaGel R ), a hydrogel of crosslinked poly-allylamine. This agent effectively binds phosphorus without inducing hypercalcemia in adult and pediatric patients treated with dialysis [7, 8] . In contrast to the increase in vascular calcification observed during calciumcontaining binder therapy, sevelamer also halts the progression of these lesions in adult CKD patients [9, 10] . In addition to its effects on serum phosphorous levels, sevelamer has been shown to decrease concentrations of total serum cholesterol and low-density lipoprotein cholesterol and to increase high-density lipoprotein levels [11] . These effects may offer additional benefits in reducing cardiovascular complications in patients with end-stage renal disease. Acidosis may occur in some patients treated with sevelamer hydrochloride; thus, a new form, sevelamer carbonate, has been introduced. This compound is as effective as sevelamer hydrochloride in binding phosphate while preventing acidosis [12] .
Lanthanum carbonate, another calcium-free phosphate binder, is also effective in controlling serum phosphorus levels without inducing hypercalcemia, adynamic bone disease, or osteomalacia [13, 14] ; however, lanthanum is a heavy metal which accumulates in different tissues in animals with normal renal and reduced kidney function [15] . Lanthanum also accumulates in the bone of dialysis patients where its presence persists despite discontinuation for as long as 2 years [16] ; further long-term studies are therefore needed to confirm the absence of toxicity before this agent is recommended for widespread use in pediatric patients. Magnesium carbonate also lowers serum phosphorous levels; however, large doses may result in diarrhea, limiting the use of this compound as a single agent. Consequently, magnesium-free dialysate solutions should be used in those treated with dialysis [17] . Iron compounds, such as stabilized polynuclear iron hydroxide and ferric polymaltose complex, have also been shown to be effective phosphate binders in short-term studies in adults with CKD [18] .
Since fibroblast growth factor 23 (FGF23) levels have been linked to cardiovascular morbidity and mortality in patients with all stages of CKD, recent trials have investigated the efficacy of phosphate-binding agents in lowering FGF23 values in patients with pre-dialysis CKD. Short-term studies have demonstrated a simultaneous decrease in serum FGF23 and PTH levels and in urinary phosphate excretion with the administration of phosphate binders in normophosphatemic pre-dialysis CKD patients [19] [20] [21] . The data of some studies suggest that reductions in FGF23 may only be observed during treatment with calcium-free phosphate binders [19] [20] [21] , while the results of another study question of the ability of any binders to lower serum FGF23 values [22] . However, the number of patients included in each group of each of these trials has been relatively small; thus, the long-term effects of phosphate binders on FGF23 levels remain to be evaluated in larger cohorts. Current guidelines do not currently advocate the use of phosphate binders in normophosphatemic pre-dialysis CKD patients and, given the variation in normal ranges for serum phosphate that occurs during childhood, as well as age-dependent variations in FGF23 concentrations [23] , age appropriate serum phosphorus levels should be taken into consideration whenever treating any child with phosphate binder medication.
Vitamin D therapy

Assessment and treatment of 25(OH) vitamin D deficiency
Although active vitamin D sterol therapy is the mainstay of therapy for controlling serum PTH levels [6] , assessment of 25(OH) vitamin D [25(OH)D] status and replacement therapy, if needed, may have implications on the treatment of secondary hyperparathyroidism [24] . Indeed, current recommendations suggest that 25(OH)D therapy should be administered to pediatric pre-dialysis CKD patients with 25(OH)D deficiency and insufficiency before treatment with active vitamin D sterols is initiated [6] . In addition to providing a substrate for the formation of calcitriol, thus indirectly suppressing PTH levels, Ritter et al. identified that 25(OH)D continues to directly suppress PTH synthesis even when parathyroid gland 1-alpha hydroxylase is inhibited, thus demonstrating a direct effect of 25(OH)D on PTH synthesis, independent of 1,25(OH) 2 vitamin D [25] . Moreover, a recent placebo-controlled randomized trial demonstrated that ergocalciferol delays the onset of secondary hyperparathyroidism in pediatric patients with pre-dialysis CKD [24] . 25 (OH)D likely also has a direct effect on bone biology, independent of its effects on mineral metabolism; indeed, Priemel et al. demonstrated in a cohort of 675 deceased adults with previously normal renal function that pathologic mineralization defects could occur when serum 25(OH)D levels were below 30 ng/ml [26] and, more than two decades ago, Langman et al. demonstrated that treatment with 25 (OH)D led to complete resolution of osteomalacia and increased growth velocity in children with pre-dialysis CKD [27] . The potential extra-skeletal effects of 25(OH)D are also important in the pediatric CKD population. 25(OH)D deficiency has been associated with a higher prevalence of chronic heart failure, atherosclerosis, endothelial dysfunction, and cardiovascular mortality in adult dialysis patients [28, 29] . In a retrospective analysis, Saab et al. demonstrated that therapy with vitamin D 2 therapy was associated with the need for lower doses of active vitamin D sterol and erythropoietin in dialysis patients [30] , potentially by decreasing the degree of marrow fibrosis or by exerting local effect effects on the bone marrow. In addition to increasing 25 (OH)D and 1,25(OH) 2 vitamin D levels, therapy with 25 (OH)D increases FGF23 levels in healthy subjects [31] . The mechanisms involved in the increased release of FGF23 during ergocalciferol therapy have yet to be defined, as have the potential consequences associated with elevated FGF23 levels, such as cardiovascular complications, deterioration of kidney function, and mortality occurring as a result of ergocalciferol therapy [32] [33] [34] [35] .
Although optimal ranges of 25(OH)D remain controversial, with levels of >20 ng/ml defined as sufficient by the Institute of Medicine [36] , current KDOQI guidelines suggest that values of 25(OH)D be maintained at >30 ng/ml [6] . Upper limits for 25(OH)D have not been defined by KDOQI, although European guidelines cite optimal effects on mineral metabolism at values of between 20 and 50 ng/ml [37] . By the current KDOQI definition, data in children with CKD have documented a 20-75 % prevalence of 25(OH)D deficiency/insufficiency [38] [39] [40] [41] [42] . Vitamin D deficiency is categorized as: (1) severe deficiency, defined as a serum level of <5 ng/ml, (2) mild deficiency, equivalent to serum concentrations of 5-15 ng/ml, and (3) vitamin D insufficiency with levels of between 16 and 30 ng/ml [6] . According to the opinion-based KDOQI guidelines, levels of <5 ng/ml should be treated with either ergocalciferol or cholecalciferol therapy administered at doses of 50,000 IU orally, once a week, for 12 weeks, then 50,000 IU orally once a month for a total of 6 months. Alternatively, 500,000 IU may be given as a single intramuscular dose. Levels of between 5 and 15 ng/ml should be treated with 50,000 IU of ergocaciferol or cholecalciferol orally once a week for 4 weeks followed by 50,000 IU orally once a month for a total of 6 months. Levels of 15-30 ng/ml should be treated with 50,000 IU of ergocalciferol or cholecalciferol orally once a month for 6 months. Serum 25(OH)D levels should be rechecked after completion of the 6-month course of therapy [6] .
Therapy with active vitamin D sterols
Active vitamin D sterols act through a variety of pathways to decrease PTH production-by increasing calcium absorption in the gut and kidney, by binding to the calcium-sensing receptor (CaSR), by increasing skeletal sensitivity to PTH, and by altering preproparathyroid hormone (prepro-PTH) transcription. Vitamin D sterols may also suppress PTH indirectly through increasing osteocytic FGF23 production [43] which, in turn, suppresses parathyroid gland PTH expression [44, 45] . Calcitriol and alfacalcidol have been effective in decreasing PTH levels and preventing osteitis fibrosis cystica for decades [46, 47] . The beneficial effects of calcitriol, including improved survival in hemodialysis patients [48] [49] [50] , amelioration of cardiac hypertrophy in animals [51] , improved cardiac systolic function in hemodialysis patients [52] , reductions in proteinuria, fibrosis, and podocyte hypertrophy in sub-totally nephrectomized rats [53] , and decreased proteinuria in patients with pre-dialysis CKD patients [54] have been demonstrated. However, since treatment with these sterols in combination with calcium-based binders often results in hypercalcemia and hyperphosphatemia, which contribute to the development of soft tissue calcification [55] Although some benefits to overall survival and to bone health have been attributed to these newer analogues, they are considerably more expensive than is calcitriol, a factor that must be considered in their wide-spread utilization.
Paricalcitol, is effective in controlling serum PTH levels in adults across the spectrum of CKD [56] and in children treated with dialysis [57] . The long-term consequences of therapy with paricalcitol in conjunction with the use of calcium-containing binders on vascular calcification and cardiovascular complications remain to be determined. However, in a large cohort of patients undergoing hemodialysis, higher survival rates were observed in dialyzed patients treated with paricalcitol when compared to those receiving calcitriol [48] . The effects of paricalcitol, relative to calcitriol, on the skeletal lesions of secondary hyperparathyroidism remain unknown.
Doxercalciferol is a pro-hormone that undergoes 25-hydroxylation in the liver to form its active metabolite. In rats, this agent is equipotent to 1α(OH)-vitamin D 3 in intestinal calcium absorption and bone calcium mobilization [58] . Similar to paricalcitol, beneficial survival effects have also been found with doxercalciferol over the use of calcitriol [50] . In a head-to-head trial of calcitriol versus doxercalciferol, when used in combination with either calcium carbonate or sevelamer hydrochloride as phosphate binder, on the control of the biochemical and skeletal lesions of secondary hyperparathyroidism in pediatric peritoneal dialysis patients, serum PTH (determined by both first-and second-generation assays), phosphorus, and bone formation rate were controlled equivalently irrespective of treatment group. PTH levels, as measured by the first-generation Nichols immunometric assay, ranging between 300 and 600 pg/ml (Fig. 1) were associated with normal rates of bone turnover at the end of this trial; these PTH values were consistent with those recommended by both Kidney Disease Outcomes Quality Initiative(KDOQI) and KDIGO [59] pediatric dialysis patients. Despite the beneficial effects of doxercalciferol on the control of secondary hyperparathyroidism, a mineralization defect persisted in the vast majority of patients [60] . The etiology behind the persistent defects in skeletal mineralization is incompletely defined, but the prevalence of 25(OH)D deficiency in the study population may have been a contributory factor [27] , and the potential effect of increased osteocytic FGF23 expression on these persistent mineralization defects remains to be defined. Interestingly, doxercalciferol had a greater inhibitory effect on osteoclastogenesis than did calcitriol, independent of type of phosphate binder [60] . Serum calcium levels rose in patients receiving calcium carbonate as a phosphate binder, irrespective of the type of vitamin D sterol; this increase in calcium was not observed in patients treated with sevelamer hydrochloride, also regardless of whether calcitriol or doxercalciferol was prescribed [60] . Overall, serum calcium levels were 0.63±0.22 mg/dl higher in patients who were treated with calcium carbonate, an increase which carries with it a relative risk for increasing vascular calcification that is equivalent to an extra 2.5 year of hemodialysis [61, 62] . The avoidance of hypercalcemia and the maintenance of serum calcium levels within the lower end of the physiologic range during sevelamer therapy thus widen the margin of safety for the use of vitamin D analogues in the treatment of secondary hyperparathyroidism.
Many beneficial effects of vitamin D sterol therapy, including affects on cardiac hypertrophy [51] and systolic function [52] as well as vitamin D-mediated reductions in proteinuria, fibrosis, and podocyte hypertrophy [53, 54] , appear to be mediated by suppression of the renin-angiotensin system (RAS), and in vitro studies have demonstrated that calcitriol, paricalcitol, and doxercalciferol all suppress the RAS to a similar degree [63] . However, active vitamin D sterols also increase FGF23 values. Indeed, plasma FGF23 levels are markedly elevated in pediatric dialysis patients [60, 64] , and although studies have demonstrated that treatment with sevelamer decreases FGF23 levels [65] , values increase during vitamin D sterol therapy, despite control of serum phosphate concentrations and irrespective of the phosphate binder used [60] . Although higher FGF23 levels have been associated with improvements in skeletal mineralization in the pediatric CKD population [64, 66] , elevated levels have been also shown to play a role in cardiovascular morbidity and mortality [33, 34, 67, 68] . Thus, the clinical consequences of the paradox between the associations of elevated FGF23 levels with mortality and the survival beneficial effects of therapy with active vitamin D sterols that raise FGF23 levels remain to be defined.
Circulating PTH levels are used to guide vitamin D sterol therapy, but target PTH levels for children treated with dialysis remain controversial. PTH values of two-to threefold the upper limit of normal [37] and between 100 and 300 pg/ml have been recommended from data collected through the International Pediatric Peritoneal Dialysis Network (IPPN) registry encompassing 75 pediatric dialysis centers from 27 countries around the world [69] . These levels were associated with decreased skeletal complications, such as bone deformities, bone pain, and radiological findings of renal osteodystrophy; however, no correlations between PTH values and growth were identified in this analysis. Unfortunately, data on PTH concentrations from this registry are comprised of values obtained by different, local, un-standardized assays. Previous analyses identified a 30-50 % variation in PTH levels when identical samples were measured by different commercial assays [70] , thus calling into question the validity of such findings. Indeed, current KDIGO recommendations suggest that PTH values between two-and ninefold the upper limit of normal [59] are consistent with indices of bone turnover within the normal range [60] in pediatric dialysis patients. These recommendations take the wide variation in assay results into consideration and reflect the difficulty in interpreting PTH values in patients treated with maintenance dialysis. Moreover, recent data from pediatric CKD patients across the spectrum of the glomerular filtration rate (GFR) suggest that higher PTH levels are required as renal function diminishes in order to maintain normal rates of bone remodeling (Table 1 ) [71] .
The mode of vitamin D sterol administration may alter the interpretation of PTH levels. In the past, we have demonstrated that the administration of intermittent oral doses of calcitriol with calcium-based binders effectively corrects many of the skeletal histological manifestations of secondary hyperparathyroidism [3] . Unfortunately, overcorrection was common in such studies, leading to adynamic renal osteodystrophy, growth failure [72] [73] [74] , and vascular calcification [75] even, at times, in the context of markedly elevated PTH concentrations. Careful titration of vitamin D sterols based on concurrent determinations of serum calcium, phosphorus, alkaline phosphatase, and PTH levels is able to avoid the development of adynamic bone; thus, the concurrent utilization of multiple biomarkers is likely to be the best method of controlling the skeletal lesions of secondary hyperparathyroidism [64, 76] while preventing the side effects associated with therapy.
Calcimimetics
Cinacalcet, an allosteric activator of the CaSR, is now available for the treatment of secondary hyperparathyroidism. This small organic molecule reduces serum PTH levels and has also been shown to decrease FGF23, serum calcium, phosphorus, and the calcium-phosphorous ion product in adult patients treated with maintenance dialysis, regardless of the specific phosphate binding agent [77, 78] . Experiments in uremic rats have demonstrated that calcimimetics are able to halt the progression of parathyroid cell hyperplasia [77] ; the antiproliferative effect of this agent shows promise for the use of the molecule as a "medical parathyroidectomy" [79] . These agents may play a role in reversing the process of vascular calcification [78] and in lowering FGF-23 levels [80] ; however, when cinacalcet in addition to low dose vitamin D was prospectively compared to flexible doses of vitamin D sterols, the Agatston calcification scores did not differ between both groups after 1 year of therapy in hemodialysis patients receiving calcium-based phosphate binders [81] . Furthermore, recent data demonstrate that cardiovascular complications and mortality are not prevented by calcimimetic therapy in hemodialysis patients [82] . Calcimimetics may also have a direct effect on bone biology; indeed, studies in animals suggest that these agents may increase osteoclast number and activity [83] , thus increasing bone erosion. In a relative small cohort of dialysis patients, skeletal indices of bone turnover were controlled with combined cinacalcet and vitamin D therapy, but a similar degree of improvement was observed in the placebo group treated with vitamin D. It is interesting to note that indices of mineralization remained within the normal range with cinacalcet [84] . There is currently very limited experience with the use of such compounds in pediatric patients with CKD [85, 86] . Furthermore, precocious puberty has been described in a child with CKD after the initiation of treatment with cinacalcet and lanthanum carbonate [87] . The effects of cinacalcet on longitudinal growth are not known and, since the calcium-sensing receptor is expressed in the growth plate, caution with wide use of this agent is recommended until clinical trials can be performed.
Summary
Calcium-based binders are still widely utilized, but in order to limit cardiovascular calcification, the daily intake of elemental calcium, from dietary sources and from phosphate binders, should not exceed twice the daily recommended intake for age and should not exceed 2.5 g/day. Sevelamer hydrochloride and sevelamer carbonate are safe and effective alternatives to calcium-based binders, and their use widens the margin of safety for active vitamin D sterol therapy [60] . Lanthanum carbonate controls serum phosphorus levels in adult patients with CKD but has not been utilized in pediatric patients due to the potential risk for tissue accumulation. Vitamin D deficiency is highly prevalent across the spectrum of CKD, and replacement therapy is recommended in individuals deficient or insufficient in vitamin D. Therapy with active vitamin D sterols is recommended after correction of the vitamin D deficiency state and should be titrated based on target PTH levels across the spectrum of CKD. Therapy with active vitamin D sterols is associated with increased circulating FGF23 values, and the long-term consequences of these levels remain to be evaluated. The recommendations for patients treated with dialysis are still controversial between the Pediatric European Guidelines and KDIGO, but current data based on bone histomorphometry support KDIGO recommendations. Although the use of calcimimetic drugs have proven to effectively control the biochemical features of secondary hyperparathyroidism, there is very limited experience with the use of such agents in pediatric patients and especially during the first years of life. Studies are needed to further define the role of such agents in the treatment of pediatric CKD-MBD. 
